The aggregation behavior in aqueous suspension of two symmetrical single-chain Transform infrared spectroscopy (FT-IR), small angle neutron scattering (SANS), and transmission electron microscopy (TEM). The rheological properties of hydrogels formed by the aggregation into nanofibers were studied by oscillatory rheology. Based on the wellcharacterized behavior of bolalipids with long alkyl chains which at room temperature can form a network of nanofibers leading to the formation of a hydrogel, we investigated whether the incorporation of two hetero atoms of sulfur into the spacer chain of the molecules has an influence on the aggregation properties. Compared to the analogues without sulfur, the fibrous aggregates formed by sulfur containing compounds are less stable and build weaker viscoelastic gels. This is due to a perturbation of the packing of the chains as the sulfur atoms change the bond angle in the chain compared to the molecules with pure alkyl chains leading to kinks in the chain. For the bolaamphiphile with the Me 2 PE headgroups this effect is less pronounced due to the possibility of forming stabilizing hydrogen bonds between the headgroups.
Introduction
Bolaamphiphiles are in the focus of an expanding area of research dealing with the properties of these molecules and their self-assembly into defined aggregates. The behavior and functionality of the resulting aggregates is of particular interest. [1] [2] [3] [4] [5] [6] [7] Bolaamphiphiles consist of a hydrophobic spacer chain (e.g., one or two alkyl chains) and two hydrophilic headgroups (e.g., phosphocholine, sugars) attached to each end of the spacer. [1] Recently, we reported on the synthesis and aggregation behavior of the two symmetrical single-chain bolaamphiphiles dotriacontane-1,32-diyl-bis [2-(trimethylammonio) ethylphosphate] (PC-C32-PC) and dotriacontane-1,32-diyl-bis[2-(dimethylammonio)ethylphosphate] (Me 2 PE-C32-Me 2 PE). Suspended in aqueous media, they self-assemble into helical nanofibers, which are able to gel water by forming a three-dimensional network of cross-linked and entangled nanofibers. [8] [9] [10] [11] [12] [13] With increasing temperature of the suspensions these nanofibers transform into micellar aggregates resulting in the break-down of the gel structure.
Extensive characterization of the aggregation behavior of these bolaamphiphiles raised the question, how tolerant the fiber structure is to modifications of the chemical structure of the alkyl spacer chain. This structural modification was realized via the incorporation of heteroatoms (e.g., oxygen or sulfur) into the spacer chain. [14] Modifications of bolaamphiphile spacer chains have been utilized before to influence the aggregation behavior of the molecules, e.g. to stabilize the aggregates by addition of mesogenic groups, [15, 16] or to attain functionalization of the aggregates, [17, 18] for instance, for interaction with metal surfaces or nanoparticles. [19] In the alkyl chains of PC-C32-PC and Me 2 PE-C32-Me 2 In comparison to the C-C-C bond angle of 111° the C-S-C angle is only approx. 97° leading to a chain conformation with two pronounced kinks. Based on preliminary experiments on the aggregation behavior of PC-C32SS-PC in aqueous suspension, we had concluded that the formation of the fiber structure is still possible, despite the changes in the chain conformation.
However, the temperature stability of the fibers was reduced, as the fiber-micelle transition was shifted to lower temperature. [14] The aim of this work was to study in detail the aggregation behavior of PC-C32SS-PC and to examine how the heteroatoms change the characteristics of the fiber structure and the rheological properties of the formed hydrogels in comparison to those formed by PC-C32-PC.
In addition, we investigated suspensions of the new compound Me 2 PE-C32SS-Me 2 PE.
Exchange of a methyl group in the headgroup of PC-C32-PC by a hydrogen atom usually leads to a stabilization of the fiber structures due to the possibility of additional interactions in the headgroup region via hydrogen bonds. [8] [9] [10] [11] [12] [13] We will show that this is also the case for the bolalipids with sulfur atoms in the chain, where the destabilization of the chain packing can be partially compensated by the additional interactions in the headgroup region.
Material and methods
Materials. PC-C32-PC, [20] PC-C32SS-PC, [14] were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany) and used as received.
Ultra-pure water was used from a Milipore Milli-Q A10 system (Millipore GmbH, Schwalbach, Germany)
Sample preparation. The appropriate amount of bolalipid was suspended in water (PC-C32SS-PC) or acetate buffer at pH 5 (Me 2 PE-C32SS-ME 2 PE). To achieve a homogeneous suspension the samples were heated to 70 °C three times and vortexed.
Differential Scanning Calorimetry (DSC). DSC measurements were carried out with a
MicroCal VP-DSC (MicroCal Inc., Northampton, USA). The bolalipids were suspended in water or acetate buffer (pH 5) at a concentration c = 1 mg ml -1 . Water or buffer was used as reference. Measurements were carried out using heating rates of 20 K min -1 in the temperature interval from 2 to 95 °C. Three consecutive heating and cooling scans of each sample were recorded to check the reproducibility. The water-water or buffer-buffer baseline was subtracted from the thermograms of the samples, and the DSC scans were evaluated using the Origin 8.0 software.
Fourier Transform Infrared Spectroscopy (FT-IR).
FT-IR-spectra as a function of temperature were recorded with a Bruker Vector 22 Fourier transform spectrometer (Bruker Optik GmbH, Karlsruhe, Germany) operating at 2 cm -1 resolution. The bolalipid suspension (c = 50 mg ml -1 ) was spread between CaF 2 windows with a 12 µm Teflon spacer and equilibrated for 2 h at 5 °C prior to the measurement. 64 scans each were recorded in the temperature range from 5 to 95 °C with an equilibration time of 8 minutes at each temperature. Spectra of water or buffer were measured with an identical setup and were subtracted from the sample spectra using the OPUS software supplied by Bruker Optik GmbH.
Transmission Electron Microscopy (TEM). TEM images of negatively stained samples
were recorded with a Zeiss EM 900 transmission electron microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany). The samples were prepared and stored (24 h prior to the preparation) below ambient temperature in a cold room (5 °C). 5 µl of the suspension (c = 0.1 -0.03 mg ml -1 ) were spread on a copper grid coated with Formvar film. After 1 minute the excess solution was blotted off with filter paper. The samples were negatively stained with 1% uranyl acetate (20 µl) solution, which was drained off after 1 minute. They were dried for 6 2 days at 5 °C and were kept in a desiccator at ambient temperature until the images were recorded.
The cryo-TEM images were recorded with a Zeiss 902A instrument (Carl Zeiss NTS GmbH, Oberkochen, Germany). The samples were prepared in a chamber with controlled temperature and humidity. 2 µl of the bolaamphiphile suspension (c = 1 mg ml -1 ) was placed on a grid coated with a perforated polymer film. Excess solution was removed after 1 minute with filter paper. Vitrification of the remaining thin film was achieved by rapid plunging of the grid into liquid ethane, held just above the freezing point. The vitrified sample was kept below -165 °C after this process and while recording the images.
Dynamic Light Scattering (DLS)
. DLS experiments were carried out with an ALV-NIBS- ) [8] and for Me 2 PE-C32-Me 2 PE (43 kJ mol -1 ). [9] The DSC cooling scans (not shown) show a broader peak than observed in the heating scan and a hysteresis for the reformation of the fiber structure for both bolaamphiphiles as it was also observed for the other bolalipid fiber systems. [7] [8] [9] [10] FT-IR. FT-IR spectroscopy shows that the wavenumber of the symmetric stretching vibrational band of the methylene groups are at 2850.2 cm -1 for Me 2 PE-C32SS-Me 2 PE and 2850.4 cm -1 for PC-C32SS-PC at a temperature of 5 °C (Figure 3) . These values are higher by 1 cm -1 compared to the analogues without sulfur. [7, 8] The wavenumber of the methylene stretching vibrations is a measure of the order within the alkyl chain. [21] It increases with a higher amount of gauche-conformers within the chain. However, in the present case the shift to higher wavenumber at lower temperature is caused by the reduction of the maximal length of a segment with all-trans conformers in the alkyl chain by the replacement of methylene groups by sulfur atoms. The number of the methylene groups in the all-trans segments is only 11 on both sides and 8 in the middle part, respectively, compared to 32 in the chains not interrupted by sulfur atoms.
The lower temperature stability of the fibers is caused by steric effects due to the presence of kinks in the chains due to the sulfur atoms. In addition, the sulfur atoms are less hydrophobic due to their higher polarity reducing the gain in free energy in the aggregation process in water. DLS. Using DLS we determined the size of the micelles above the fiber-micelle transition.
At 25 °C, the PC-C32SS-PC micelles have a hydrodynamic radius of 2.7 ± 0.1 nm. The micelles of Me 2 PE-C32SS-Me 2 PE have a slightly larger hydrodynamic radius of r = 3.1 ± 0.1 nm at 35 °C (see Figure S1 , supplementary data). The slightly higher hydrodynamic radius for the Me 2 PE-C32SS-Me 2 PE micelles might be due to a more rod-like shape caused by the interactions between the headgroups. However, overall the micellar size is not much different from the size obtained for the micelles of the analogues without sulfur.
SANS. In addition, SANS measurements were carried out to identify the aggregate structure and to determine the structural parameters for both bolalipids at temperatures below and above the fiber-micelle transition. In Figure 4 the scattering data of PC-C32SS-PC and Me 2 PE-C32SS-Me 2 PE suspensions are shown. The data were analyzed by the Indirect Fourier Transformation (IFT) method, which requires only limited input information about the geometry of the aggregates. [22] A detailed description of the IFT fit procedure was given previously. [11, 12] For the low temperature measurements we used the approximation of stiff infinite long cylinders and for the high temperature measurements the approximation of a spherical-like object. The results of the fits of the scattering data are provided in Table 1 . The radius of the fibers agrees with the one determined by cryo-TEM. The higher aggregation number per nanometer (N agg ) of the Me 2 PE analogue compared to the PC counterpart is due to the smaller size of the headgroup leading to a slightly denser arrangement of the molecules within the fiber aggregates. The size of the micelles of PC-C32SS-PC is in very good agreement with the results of the DLS measurements at 25 °C (see Figure S1 , supplementary data). In the case of nm indicating the presence of a multicomponent system of short fiber segments and micelles (see Figure S2 , supplementary data). In comparison with the scattering data of PC-C32-PC at 25 °C and Me 2 PE-C32-Me 2 PE at 20 °C [11, 12] the fiber radii are slightly higher for the PC-C32SS-PC fibers and the Me 2 PE-C32SS-Me 2 PE fibers. The additional stabilizing hydrogen bonds between the headgroups of the Me 2 PE-C32SS-Me 2 PE molecules seem to be able to partially compensate the disorder induced by the sulfur atoms in the spacer chain. This leads to an almost identical fiber structure to the one observed for Me 2 PE-C32-Me 2 PE despite the reduced temperature stability. In the case of PC-C32SS-PC the larger radius of the fiber structure might be caused by irregularities in the ordering of the molecules inside the fibers that cannot be compensated by stabilizing H-bond interactions between the zwitterionic headgroups.
The number of bolaamphiphile molecules in the micelles (N agg ) is 43 ± 3 for PC-C32SS-PC micelles at 25 °C. For PC-C32-PC suspensions at 60 °C, which is below the micelle Imicelle II transition, the corresponding value of N agg is 77 ± 5 (micelles I) showing again the difference in the two micellar aggregates. [11] There are no data available on the aggregation 13 number of PC-C32-PC micelles II above the micelle-micelle transition, because of the high temperature needed to reach this state and the difficulties of obtaining reliable SANS scattering at this high temperature. For analogue bolalipids with shorter alkyl chain lengths the transitions are shifted to lower temperature so that a value for N agg for the high temperature micelles (micelles II) could be obtained. [12] For PC-C26-PC micelles the aggregation number per micelle is 44 ± 3 at 35 °C (micelles I) and 28 ± 3 at 75 °C (micelles II). This suggests that the micelles in the PC-C32SS-PC suspensions have, even at low temperature, more similarities to the high temperature micellar aggregates (micelles II) with lower aggregation numbers. This is also indicated by the higher degree of disorder within the spacer chain of the bolalipids as indicated by the FT-IR measurements and the high transition enthalpy of the fiber-micelle transition found for PC-C32SS-PC or Me 2 PE-C32SS-Me 2 PE compared to PC-C32-PC and Me 2 PE-C32-Me 2 PE. [9, 10] Rheology. In contrast to suspensions of PC-C32-PC and Me 2 PE-C32-Me 2 PE, the formation of fibers observed for sulfur containing molecules does not lead to the formation of a hydrogel when the concentration is only 1 mg ml -1 . However, when the concentration is raised to 4 mg ml -1 , gelation is observed in both systems at temperatures below the fiber-micelle transition temperature observed by DSC. The temperature dependence of the rheological properties of the bolalipid suspensions of PC-C32SS-PC and Me 2 PE-C32SS-Me 2 PE inside the linear viscoelastic (LVE) region is shown in Figure 5 . The limits of the LVE region were determined using an amplitude-and a frequency-sweep (see Figures S3 and S4 , supplementary data). The rheological data for the Me 2 PE-C32SS-Me 2 PE suspension exhibit a similar trend with gradual decreasing G' and G'' prior to the DSC transition at 25 °C ( Figure 5B ). However, G'
and G'' are significantly higher compared to the PC-C32SS-PC sample. Also, the loss factor tan δ is only 0.10 and implies a higher elasticity in the gel structure than for the PC analogue.
During the cooling scan G' and G'' are starting to increase at 13 °C, indicating that for This shows that the disordering influence of the two sulfur atoms in the chain is more pronounced for the bolaamphiphile PC-C32SS-PC resulting in a gel structure that is weaker by a factor of 10 compared to Me 2 PE-C32SS-Me 2 PE. The Me 2 PE headgroups increase the stability of the fiber structure via additional hydrogen bonds and therefore minimize the effect of the disorder induced by the sulfur containing chains. The higher gel strength of the suspensions of PC-C32-PC and Me 2 PE-C32-Me 2 PE, the analogues without sulfur, indicates that the three-dimensional network of the fibers formed by the sulfur containing bolalipids is 15 not as strong. [23, 24] The cross-linking of the fibers via hydrophobic interactions between parts of the chain structure of different fiber strands that are exposed at the fiber surface is weakened due to the disorder induced by the thioether moieties.
Summary and Conclusions
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Synthesis of Me 2 PE-C32SS-Me 2 PE
The synthesis of Me 2 PE-C32SS-Me 2 PE was carried out applying the general phosphorylation and quarternisation procedure of long-chain 1,ω-diols as described previously [S1] using 0. Rheology. Amplitude sweeps were recorded following the 12 hour period of incubation of the sample at 2 °C and the results are provided in Figure S3 . In this experiment, the reformation of the gel was not fully completed prior to starting the amplitude sweep.
However, the general behavior of the hydrogel is not affected. 
